In the last decade the scope of experimental and theoretical investigations into the initial stage of plastic deformation in solids has been expanded significantly. Nevertheless its atomistic mechanisms are as yet imperfectly understood. One of the major open questions concerns the existence of proto-defects, i.e. local structural distortions which provide the basis for the formation of conventional structural defects -carriers of plastic deformation. The investigations were applied to crystallines with different boundary types (free surfaces and grain boundaries) and different type of crystal lattice. The influence of loading intensity and deformation scheme was studied. Simulation was performed for various temperatures from 50K to 500K. It has been demonstrated that there is a certain threshold value of strain at which zones with local structural changes grow almost abruptly. A detailed analysis of atomic displacements at the stage of nucleation of local structural distortions (protodefects) has revealed that their formation is related with specific rearrangement in the first and second coordination spheres of one of the atoms. It is realized in the conditions of local expansion of the atomic volume.
Introduction
Multilevel description of plastic deformation processes in crystal materials means a presence of elementary structural defects. As usual, a dislocation is considered as an elementary plastic carrier in materials with crystal structure. All following stages of plastic deformation are connected with evolution of dislocation ensemble. In case of nanostructural materials this classical dislocation theory of plastic deformation can not be used due to the smallness of grain sizes. That is why, one of the fundamental problems of solid state physics and materials science is the investigation of possible generation mechanisms of local structural distortions and transformations of the atomic structure. It is obvious that their generation in a stable crystal is related with the local loss of lattice stability [1] , which can be due to thermal, mechanical, chemical or radiation actions, or their combinations. The search for a thermodynamic parameter whose variation would define local stability loss of the crystal is one of the key tasks in the modern physics of plasticity. The influence of atomic density or, which is the same, atomic volume on the structural-phase state of solids has long been discussed [1] [2] [3] [4] . As paper [4] demonstrates, atomic density is one of the thermodynamic variables that govern the phase state of condensed matter.
The introduction of this parameter in an explicit form has allowed one for the first time to validate a new type of phase diagrams. The diagrams are plotted in the variables of temperature -concentration -atomic density. The use of the diagrams not only expands our notions about the conditions of phase coexistence at varying atomic density, but also explains instability of the lattice and its mechanical melting when a solid expands to a critical specific volume [4] . Molecular dynamics studies [5, 6] also show that volume expansion is a cause of lattice instability; in so doing, as follows from [4] , it is not important how the excess volume is achieved, whether due to heating or mechanically.
Notice that all the above-given results have been obtained on the assumption about homogeneous (uniform) expansion of the volume. It would natural to ask what effects can be induced by local volume change. First of all, whether the change will precede the formation of lattice defects and if yes, what defects exactly. Papers [7, 8] show that under mechanical loading of fcc metals one can see the generation of specific local structural distortions that correspond to a local structural transition of fcc-hcp type. The local structural distortions may be considered as protodefects, because, as follows from [7, 8] , they give rise to defects of a higher level (partial dislocations, stacking faults, etc.). The formation mechanism of such local structural distortions is not understood. In view of the aforesaid, the question arises whether the formation of such protodefects is related with local volume expansion?
The present work is aimed at the investigation of atomic mechanisms responsible for the generation of plastic deformation in a nanostructural material. In order to study a relation of local volume expansion with protodefect generation we have performed molecular dynamics simulation of the behavior of a preloaded specimen at the relaxation stage, which allows excluding effects of dynamic nature.
The nucleation of various structural defects on the atomic level is rather difficult to investigate experimentally because of the need for high temporal (10 -14 s) and spatial (10 -9 m) resolution. Computer simulation is therefore an effective way to study both the mechanisms of structural defect generation and dynamics of their evolution. Problems posed in the paper are solved on the basis of molecular dynamics simulation using interatomic interaction potentials calculated in the framework of the embedded atom method. As is shown in papers [9, 10] the potentials used allow describing with a high degree of accuracy structural, mechanical and energy properties in the material bulk, near-surface regions and directly on the free surface.
Incipient plastic deformation in material with perfect crystal structure: atomic mechanism
Note that for ease of result interpretation it is worthwhile to simulate deformation using a crystallite with a perfect structure because, in this case, first of all thermal fluctuations may be responsible for the generation of local structural changes. The simulated copper crystallite was a parallelepiped in shape. To eliminate the influence of surface effects, use was made of periodic boundary conditions along all three directions. The structure of the deformed crystal was analyzed with an algorithm proposed elsewhere [11] , which allowed us to analyze the topology of structural bonds of each atom with its nearest neighbors. According to this algorithm, to each pair of atoms corresponds a set of four numbers. The first number characterizes the relationships between atoms. The number is 1 if the atoms are neighbors; otherwise it is 2. The second one is the number of common neighbors for the given pair of atoms. The third one is the number of bonds between common neighbors. The fourth one is the number of bonds in the longest continuous chain that includes neighbors of the given pair. For a perfect FCC structure each atom is characterized by 12 sets of numbers {1/4/2/1}, for the HCP structure by 6 sets of {1/4/2/1} and 6 sets of {1/4/2/2}, and for the BCC structure by 8 sets of {1/0/0/0}.
The simulated copper crystallite was oriented so that the X-axis was directed along the directions the initial structure is transformed into the BCC structure (scheme A). In this case, the change of potential energy per one atom comprises hundredth fractions of an electron volt ( Fig. 1, curve 1 ). To account for the temperature effect, the initial crystallite was first relaxed at room temperature and then deformed in accordance with the scheme A. (2); n --fraction of atoms with the topology of structural bonds, which corresponds to the HCP lattice (3) The calculation results for the dependence of the potential energy falling to one atom on the strain value of the crystal at 300 K are presented in Fig. 1 (curve 2) for a compression rate of 50 m/s along the Z-axis. It is clearly seen that an account for temperature leads to considerable changes in the curve path. To analyze the potential energy behavior depending on the strain degree curve 2 can be arbitrarily divided into two portions. In the first portion the potential energy increases (is accumulated). In the second one it decreases for a while and further starts growing again, but much more slowly.
Analysis of the simulation results has shown that the beginning of the second stage is related directly to the formation of zones with local structural changes, which consist of atoms with a set of numbers typical for the HCP structure. This is clearly demonstrated in the correlation of curves 2 and 3 (the latter depicts the fraction of atoms belonging to the zones with local structural changes). As an example Fig. 2 illustrate (at different angles of view) atoms belonging to these zones at 11.3 % deformation. Analysis of the positional relationship between atoms has shown that the internal structure of these zones corresponds to the stacking fault structure. The considered zones are seen to orient along certain crystallographic directions. It should be noted that during deformation together with the zones of local structural changes we see the formation of zones with lattice distortions; the latter are not associated with the HCP structure. The investigations have revealed that their formation has a fluctuation character. Some of them are later transformed into zones with the HCP geometry, which is manifested in a saw-tooth shape of curve 2 in Fig. 1 .
To study the temperature effect on the structural response of the simulated crystallite, the calculations were performed at 100, 300, 500, and 700 K. Figure 3 demonstrates the integral effect of temperature on the nucleation and evolution of structural defects at high-rate specimen deformation. As is seen from the figure, at low temperatures structural defects grow almost abruptly, while at increasing temperature the zones with local structural changes are generated more smoothly and at smaller strain degrees.
This substantiates the fact that the generation of the zones with local structural changes is induced by thermal fluctuations (at higher temperatures structural defects nucleate earlier). It is significant that the fraction of structural defects at low temperatures is larger, which is related to a higher level of stored elastic energy. Notice that there are also other geometrical paths of loading when the HCP structure can be transformed into the BCC structure. A well-known path of lattice transformation is that by the Bain scheme [12] . The calculations have shown that the change of potential energy under deformation along directions corresponding to the Bein scheme is qualitatively similar to the above-considered case (scheme A) (Fig. 1) , because the HCP to BCC transformation in both cases is not related with overcoming the energy barrier. Therefore it could be expected beforehand that the response of specimens would be similar as well. It has been substantiated both by the obtained dependences of the fraction of the zones with local structural changes and by the shape of the strain degree dependence of potential energy (see Fig. 4 ). Note that, according to the result analysis, the abrupt change of potential energy at low strain degrees ( 2 %) is related to the fact that characteristic rates of structural transformations necessary for the simulated crystal to relax in this strain interval are much lower than the loading rate.
Local volume expansion as a driving force for protodefect generation
The calculations were carried out at finite temperature ( = 300 K) for a 3D parallelepiped copper crystallite. Fig. 5 ). To simulate relaxation processes at a certain strain, the calculations were carried out with zero tension rate.
As is shown in [7, 8] , there is a certain threshold strain value at which the growth of zones with local structural changes is almost avalanche-like. The calculations performed in the given papers suggest that the threshold value is in the range from 10-14 % and depends on temperature and loading conditions. Note that increase in strain rate (load intensity) leads to the fact that relaxation processes have no time to provide the generation of local structural changes. As a consequence, the generation begins at higher strains. We may therefore expect that at long relaxation of the preloaded crystallite protodefect generation will start at lower strains. This is justified in the present study which demonstrates that really during relaxation local structural changes begin when the prestraining value achieves 8.5 %. Notice that the loading conditions and temperature were assumed to be the same as in [7, 8] .
The calculation results for the number of atoms involved in local structural transformations during relaxation of a tensile specimen prestrained by 8.8 % are given in Fig. 6 . The same Figure illustrates respective changes in potential energy per one atom. Notice that the coordinated behavior of the both curves unambiguously points to the fact that the generation of local structural changes is one of the mechanisms of internal stress relaxation. Fig. 3 . Fraction of atoms (n) with the topology of structural bonds, which corresponds to the HCP lattice, versus strain degree for different temperatures of the crystal: 100 (1); 300 (2); 500 (3); 700 K (4). The compression rate along the Z-axis is 50 m/s A detailed analysis of atomic displacements at the stage of nucleation of local structural distortions (protodefects) has revealed that their formation is related with specific rearrangement in the first and second coordination spheres of one of the atoms. Local structural distortion around the atom corresponds to the local topology of the hcp structure; hence in the subsequent discussion we will identify such atoms as centers of protodefects. Figure 7 schematically illustrates the typical sequence of atomic displacements, which causes the formation of a protodefect in the vicinity of one of such atoms (denoted by ). It is clearly seen that one of the atoms of the second coordination sphere (denoted by ) is displaced to the first coordination sphere, while one of the atoms of the first coordination sphere (denoted by ) leaves it. Fig. 6 . Growth in the number of atoms (N) involved in local structural transformations and potential energy variation during relaxation of the crystallite prestrained to 8.8 % To investigate the role of excess volume in protodefect formation during relaxation, we studied atomic volume variation for all atoms of the simulated system. The calculations have shown that for the atom , which is in the s are close-packed. Note that the described mechanism holds true for all atoms which are centers of protodefects.
en neighbors of the central atom already have the hcp topology. The lines indicate the bonds of atom ( ) with the fir t those which are the centers of letion of relaxation, which is ma ism in the close-packed planes; in so doi acked planes with condensed protodefects are adjacent, an nown 2D defect. Nevertheless analysis of atomic displacements reveals that it can precede stacking fault formation. state corresponding to that indicated in Fig. 7a , the atomic volume is almost equal to equilibrium and the local structure corresponds to the hcp packing. When the environment of the atom goes to the state illustrated in Fig. 7b , the atomic volume grows by 8-10 %. It is the atomic configuration that characterizes the local unstable state of the lattice. The calculations have also shown that this atomic configuration can either return to the initial hcp packing (Fig. 7a) or transform into the hcp packing (Fig. 7c) . The latter leads to protodefect formation. In the both cases, the atomic volume reduces to the corresponding equilibrium value. Herein the deviation induced by thermal-fluctuation processes does not exceed 1-2 %. The absence of a visible residual change of the atomic volume is due to the fact that both the fcc and hcp structure Figure 6 clearly depicts the stage-by-stage variation of potential energy and increase in the concentration of local structural distortions during relaxation. Notice that the stage-by-stage character coincides for the both curves in Fig. 6 . In order to understand its cause, we studied in detail the generation of protodefects and evolution of their spatial distribution (see the results in Fig. 8 ). For clarity, all atoms in Figs. 8a-c excep local structural changes were made invisible, thus visualizing the formed structures. At the first stage the crystallite relaxes, which is accompanied by a slight increase and subsequent decrease of its potential energy. Protodefects are not generated in this case, while the potential energy decrease occurs due to the formation of local lattice distortions that precede protodefect generation. At the second stage one can see protodefect generation and evolution, which governs corresponding potential energy reduction. In the considered case, the nucleation of protodefects begins close to a free surface (Fig. 8a ) and then they "condense" into paired plane structures (Figs. 8a-c) . Fig. 8c illustrates the structure corresponding to the comp nifested in flattening out of the time dependence of potential energy (third stage). The planes filled by protodefects are well seen to grow by a frontal mechan ng individual protodefects are generated in front of the moving boundary. Two cases are clearly observed in Fig. 8c: 1 ) the close-p d 2) the same planes are separated by a defect-free plane.
In the first case, analysis of alternating close-packed planes has shown that protodefects form a classic stacking fault (Fig. 8d) . This follows from the fact that the sequence of close-packed planes ABCABCABC, which is typical of a perfect fcc crystal, transforms into the sequence ABCACABC. Notice that the stacking fault is bounded by a partial dislocation. In the second case, the type of the defect could not be identified with any k Notice that during relaxation one of the three following scenarios is possible: 1) a protodefect breaks with energy release, 2) it remains a nonequilibrium structural formation, 3) protodefects coalesce, "condense" with the formation of one of the conventional structural defects. It might be expected that, along with local structural distortions described in the paper, there can exist other types of protodefects.
It should be noted that at large value of extension the simulated crystallite is fragmented on blocks. At that each block is bounded by stacking faults planes and free surface.
Conclusions
Thus, it has been first demonstrated with the direct molecular dynamics simulation that the generation of structural defects induced by thermal fluctuations is possible under dynamic loading in materials with an initially perfect lattice. Notice that there is a certain threshold value of strain at which zones with local structural changes grow almost abruptly. In the cases considered, the character of structural defect nucleation and evolution depends to a greater extent on the specimen temperature and to a lesser extent on the loading scheme. Though the loading system was deliberately chosen for directional symmetry changing that corresponds to the BCC transition, the topology of these regions corresponded to the HCP structure. Such a behavior is evidently related to relatively close values of energy for the FCC and HCP structural states.
The obtained results show that the formation of structural defects with crystalline structure as a plastic deformation mechanism is complex and multistage. It is realized in the conditions of local expansion of the atomic volume. The formation of a local excess volume depends on many factors: crystallographic direction of loading, intensity of external actions, temperature of the simulated specimen, presence of interfaces in the specimen and other. In materials with perfect structure the formation of the excess atomic volume has a thermal-fluctuation nature.
It should be noted that the excess atomic volume formation always precedes the nucleation of protodefecs that may be considered as elementary carriers of structural distortions. During relaxation the local structural distortions do not disappear, moreover they condense giving rise to the formation of plane defects (like stacking faults) and partial dislocations. The obtained results offer a possibility to consider plastic deformation initiation and evolution in a deformed solid from a new standpoint.
